Introduction
Photodynamic therapy (PDT) is an effective treatment for actinic keratosis (AK), basal cell carcinoma (BCC) and Bowen's disease [1, 2] . A pro-drug (generally 5-aminolaevulinic acid or methylaminolevulinate) of the photosensitiser protoporphyrin IX (PpIX) is applied to the skin in a cream base and with A C C E P T E D M A N U S C R I P T conventional hospital-based PDT, after an incubation period usually of 3 hours, irradiation is undertaken using either red or blue light. The preferential uptake PpIX in abnormal cells enables specific treatment of diseased tissue, whilst sparing normal skin. Conventional PDT of large treatment areas is typically painful [3, 4] , and has specific requirements regarding accurate light delivery. Daylight PDT (dPDT) is an alternative for the treatment of superficial AK, whereby daylight is used as the light source for treatment.
With dPDT, the incubation time for the pro-drug application is reduced to 30 minutes and patients then expose themselves to daylight for at least 2 hours, whilst wearing SPF50 sun-screen to protect exposed skin from the ultraviolet radiation (UVR). One of the main advantages of dPDT over conventional PDT is the reduction in pain [5] , thought to be due to a combination of lower irradiance and less PpIX accumulation in the skin [6] . Additionally, larger areas of skin are more easily treated with dPDT, making it particularly applicable to the treatment of extensive areas of field-change AK. Furthermore, dPDT has been shown to be as effective as conventional PDT for AK [4, 5, 7, 8] .
One of the main limitations in prescribing dPDT is the unpredictability of the weather. It has been proposed that there is a minimum daylight dose that a patient should receive for effective treatment [4, 5, [9] [10] [11] [12] .
Additionally, the ambient temperature should be comfortable enough for the patient to remain outdoors for the duration of treatment. A European consensus published in 2015 recommended a minimum PpIXweighted daylight dose of 8 J cm -2 and ambient temperature of at least 10°C [13] .
In order to address the unpredictability of delivery of dPDT due to weather conditions, researchers have utilised a greenhouse in order to provide a comfortable atmosphere regardless of outdoor temperatures [14] .
Patients may receive effective treatment sitting in a conservatory as the glass permits transmission of visible light, albeit at a reduced rate. There is evidence to show that even at high latitudes (~60°N) there may still be enough light for effective dPDT in a conservatory for much of the year [15] . However, this method is still ultimately dependent on there being enough light available.
Alternatively, others have attempted to replicate dPDT indoors by using artificial light sources. Contrasting with conventional PDT, artificial dPDT requires the use of much lower irradiance light delivery incident on the treatment area coupled with a longer treatment time, thus retaining the relative pain-free nature of
dPDT. An important consideration in utilising light sources for artificial dPDT is the emission spectrum of
the light source. The PpIX-weighted dose is a measure of the light effective on the photosensitiser itself over a given time, i.e. how much of the incident light is used by the photosensitiser. This is dependent on the absorption spectrum of PpIX [16] . Therefore, different wavelengths of light have a greater or lesser effect on the activation rate of the photosensitiser. O'Gorman et al. used a white LED source to deliver artificial dPDT and reported comparable efficacy and pain scores to dPDT with improved remission at 9 months [12] . A follow up study by Manley et al. suggested that the spectral distribution of the white LED, which targeted the longer wavelength absorption peaks of PpIX, may have been the reason for the sustained remission [17] . A summary of some of the artificial light sources that have been developed for dPDT has also been published by Lerche et al. [14] . However, these light sources were not specifically developed for dPDT and therefore are not optimised for this purpose as they do not produce equivalent PpIX-weighted spectral outputs.
Furthermore, these sources do not produce a uniform irradiance on the target surface and thus an even distribution of light delivery across the entire treatment field is not feasible, particularly on curved surfaces such as the scalp or lower leg. These non-uniformities in light distribution from the Aktilite CL16 and CL128 PDT lamps has been shown to be critical in planning treatment doses [17, 18] . The work on lightemitting textiles for PDT by Mordon et al. have also incorporated uniformity as important design criteria [19] .
We report on the development of a proof-of-principle light source that addresses these issues by providing uniform illumination over a large surface area and matching the spectral distribution of PpIX-weighted solar irradiance.
Materials and Methods
The developed light source ( Figure 1 rod, which acts as a macro-waveguide, with one LED chip at either end. Light was initially contained within the rod due to total internal reflection. However, the acrylic rod has a diffuse coating across one half of its curved surface, which scattered the incident light allowing it to exceed the critical angle and be emitted from the rod. In our light source, there were sixteen of these acrylic rods within an opaque Perspex box forming a 350 x 400 mm illumination aperture. Each acrylic rod could be individually rotated, allowing for control over the direction of the emitted light.
Using the independent wavelength control, the PpIX weighted spectral irradiance of the light emitted was matched to a typical daylight spectrum equivalent to 20 J cm -2 PpIX effective dose (measured at 10:00 GMT on the 25 th of March 2015 at 51.58°N, 1.32°W). The spectral irradiance of the light source is confirmed by measurement at a distance of 240 mm on a double grating scanning spectroradiometer (DM150, Bentham Instruments, Reading, UK) and compared to the PpIX-weighted daylight spectrum. The measurement distance of 240 mm was chosen primarily as a practical distance to carry out subsequent measurements on the device, however in this context absolute distance is of less interest than the changes in uniformity possible with the new light source.
With all rods directing the light vertically, the uniformity of light distribution was measured across a flat surface, a model lower leg and a model head ( Figure 2 ). Measurements were taken with a broadband irradiance detector (RW-3703-2 with P9710, Gigahertz-Optik, Germany) at defined measurement intervals on each target surface at a distance of 240 mm from the light source, with measurements performed in triplicate. For each measurement surface, the acrylic rods were subsequently manually rotated to obtain an optimised uniformity of light distribution. The experiments were repeated with a typical Aktilite PDT lamp (Aktilite CL-128, Galderma, UK) at a clinically relevant distance of 80 mm and the resultant uniformity compared with our artificial dPDT light source. Firstly, in the context of a 50x100 mm treatment area, which is clinically relevant as the maximum area treated at the Photobiology Unit, Dundee with a single lamp and is within the maximum area recommended for treatment with the Aktilite lamp (90 x 190 mm).
We then explored larger uniform treatment areas, which were feasible with the artificial dPDT source.
To determine wavelength uniformity of the light source, an array spectrometer (QE65000, Ocean Optics, US) is used to capture spectra at 10 mm intervals along the length of the 150 mm rod at a distance of 240 mm from the light source. The light source was set to emit from red, green and violet LEDs of approximately equal irradiances from either end of the rod. Light output at the peak wavelength in each of the green and violet readings were normalised to the red. This provided the relative change of green and violet light with respect to red light, and hence an indication of the wavelength uniformity, along the length of the rod.
Results
Optimised spectrum:
The irradiances for the unweighted daylight and artificial daylight spectra were 3. The uniformity parameters are summarised in Table 1 , firstly for the 50 x 100 mm treatment area, and then for a much larger area. Large areas were individually chosen with relevance to the anatomical site.
Wavelength Uniformity:
The relative change in green (527 nm) and violet (403 nm) wavelengths across the length of one of the rods with respect to red (628 nm) was examined. Figure 7 shows relative drops of 18% and 24% towards the centre of the rod for green and violet light respectively with respect to red light at a distance of 240 mm.
Discussion
We have developed a unique light source that is capable of replicating the PpIX-weighted daylight spectrum, providing representative artificial dPDT (Figure 3b ). There is some debate about what exactly the recommended parameters are with respect to minimum daylight dose for effective treatment, with most studies putting this figure in the range of 3.5-8 J cm -2 PpIX-weighted daylight dose. The treatment dose available from the artificial light source (5.6 J cm -2 at a distance of 240 mm) is within these parameters recommended for effective dPDT. The light system we have developed is based on a novel form of illumination and delivers an equivalent PpIX-weighted daylight dose within these margins. Based on our data the light source should be capable of providing effective treatment whilst also preserving the relative painlessness of dPDT when compared to conventional PDT. However further work is required to confirm this in a randomised controlled study.
The developed light source is also entirely modular with respect to constituent wavelengths, and may be tailored as desired as each of the 7 waveband emitters is addressed and controlled individually. This may include targeting different photosensitisers, dynamically changing the wavelengths during treatment or providing patient specific therapy through wavelength selection dependent on diagnosis and thickness of diseased tissue.
As there is already a strong evidence base behind dPDT for AK, this informed our approach of mimicking the PpIX-weighted daylight spectrum in this work. However, others have approached the concept of low irradiance PDT with light sources of differing spectra to that presented in this work. Notably, low irradiance red light has been shown to be as effective as conventional PDT in the treatment of superficial basal cell carcinoma, Bowen's disease and AK [20] , while an operating room light used for low irradiance PDT has
shown effective in treating AK [12] . Additionally, the rate of PpIX photobleaching was investigated for a number of low irradiance light sources [14] . These findings show that there is currently no consensus as to the 'optimum' spectrum for artificial dPDT, and that replicating the PpIX-weighted daylight spectrum remains a viable option.
It is a trivial matter to irradiate a large treatment area with, for example, a light source with a larger illumination aperture or by moving the light source further away. However, it is non-trivial to produce a uniform light distribution across the larger treatment area. Taking the Aktilite as an example, this LED array light source gives a reasonable uniformity across its intended working area on a flat surface. However, when uniformity is considered on curved surfaces, i.e. the head and lower leg, the performance of the device over its intended working area is diminished, leading to under-treated sites depending on the positioning of the lamp. As shown in our experiments, utilising a larger light source from a greater distance can increase the uniformity of the irradiance profile on curved surfaces (Figure 6a and 6c) , but there remain characteristic non-uniformities in the light distribution. To address the underlying issue, we have been able to tune the uniformity of light distribution on the flat and curved treatment sites with the artificial dPDT light source (Figures 4b, 5b and 6b) . This is an achievement that is not possible with any other PDT light source that we are aware of. Table 1 details the CoV found for different measurement areas on the flat surface, head and leg. For the flat surface with a measurement area of 50 x 100 mm, only two measurement points were used and therefore it was reasonably straightforward to select the target area and achieve a good uniformity with either device.
However, for the leg and head the differences in uniformity were much more apparent due to the curvature of the surfaces, particularly on the leg. For the larger surface areas measured, the benefit of tuneable light distribution was even more apparent, with considerable improvements in uniformity with the optimised light source compared to the unoptimised source. Due to the smaller illumination aperture, it is not surprising that the Aktilite had a high CoV for large measurement areas. However, the contrast of the optimised and unoptimised CoV values illustrate that, although improvements are made regardless, the solution is not simply a matter of having a larger light source. Control over the direction of light gives a more uniform distribution of light on flat and curved surfaces. This highlights the need for the development
of novel light sources for artificial dPDT, and the drawbacks in simply repurposing existing light sources, or indeed employing larger aperture light sources, for large area uniform treatment.
For the leg, our results did not show any meaningful increase in uniformity along the longitudinal direction (Figure 6 ), largely due to the fact that the rods were oriented along this direction. With the angular control we currently exercise, it is only possible to affect the light distribution in one axis. However, the light distribution up to 300 mm along the longitudinal direction of the leg was reasonably uniform regardless.
The advantage of this new light source was seen largely in the axial direction, where uniformity could be extended around the contours of much of the leg. As is the case with measuring the leg, the uniformity along the axis of the rods did not change significantly between the unoptimised and optimised measurements on the head. However, we were able to increase the uniformity across the head as a whole ( Figure 5 ). This offers the ability to uniformly treat larger areas on the scalp with a single light source, which is currently not possible with conventional PDT lamps.
An important factor to consider is wavelength uniformity across the target site, specifically in multiwavelength illumination applications, as consistent wavelength distribution across the target site will ensure consistent and predictable treatment. It was found that the proportions of red, green and violet light were not consistent across the selected measurement profile (Figure 7) , however understanding the merit of these results in the context of artificial dPDT is limited as such data for more conventional methods of multiwavelength LED arrangements are typically not available. Although these wavelength shifts were not entirely eliminated in this design, consideration and characterisation of this parameter is an important first step towards wavelength uniformity at the treatment site.
Conclusion
We have developed a unique artificial dPDT light source which replicates the PpIX-weighted daylight spectrum, and delivers uniform light distribution to flat and curved treatment sites. The dose delivered by the light source is within the parameters for adequate light dose for effective treatment, and a tuneable A C C E P T E D M A N U S C R I P T approach to wavelength allows for good matching to the daylight spectrum, thus providing a representative and comparable treatment modality. The lamp design currently exhibits inconsistencies in wavelength distribution at a distance from the source, however future developments will be focused on making progress towards ensuring that each point at the treatment site is subject to a consistent irradiation spectrum.
Adjustable uniformity of light distribution is achieved to great effect with this design, and is shown for the contours on the head and lower leg. It is anticipated that a next-generation light source will be developed from these principles, using what we have learned with the prototype device in this body of work. Such a light source would aim to be suitable for use in a clinical study to determine the effectiveness of this design as a light source for artificial dPDT.
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